UNITED STATES
DEPARTMENT OF THE INTERIOR

BUREAU OF RECLAMATION

HYDRAULIC MODEL STUDIES OF
GREEN MOUNTAIN DAM SPILLWAY
AND TUBE VALVES
COLORADO-BIG THOMPSON PROJECT COLORADO

Hydroulic Laboratory Report No. Hyd-229

ENGINEERING AND GEOLOOGICAL
CONTROL AND RESEARCH DIVISION

BRANCH OF DESIGN AND CONSTRUCTION
DENVER, COLORADO

FEBRUARY 24, 1947




PREFACE

The hydraulic model studies of the Green Mountain Dam Spillway of
the Colorado-Big Thompson project, Colorado, were made in the Denver
laboratory. The work was started in July 1938, and completed in December
of the same year. The original draft of the report was in memorandum form=-
Memorandum to J. E. Warnock, from J, H. Douma, dated January 10, 1939.

The calibration of the 44~inch regulating tube valves, 1 to 8.333
scale model, was made in 1943. The spillway discharge curves were prepared

in 1944,

Urgent work in the laboratory prevented an earlier completicn of the
report.
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INTRODUCTION

The prototype structure, Green Mountain Dam is located on the Blue
River, a tributary of the Colorado River, about 15 miles south of Kremmling,
Colorado (Figure 1), The dam proper consists of an earthfill structure
approximately 1,200 feet in length and 270 feet high at the deepest part
of the river, The maximum reservoir capzcity is 147,000 acre-feet and is
utilized for power and irrigation development,

The spillway, which is designed for a maximum capacity of 25,000
second-feet, is at the left abutment of the dam, The approach to the
gate section consists of a curved channel, Three radial gates, each 25
feat wide by 22 feet high, control the flow to the chute, The chute,
approximately 1,000 feet long, discharges the flow directly into the river
channel below the toe of the dam (Figure 2).

Two Al—inch regulating tube valves, which serve as the outlet works
for the dam, are located in the powerhouse,

Scope of tests, Model studies were undertaken with five primary
objectives in mind: (1) to establish the minimum radius of curvature of
the inlet channel for satisfactory hydraulic performance, (2) to determine
the efficiency of the spillway crest and bridge piers, (3) to obtain the
most economical and effective hydraulic design of the spillway chute,

(4) to determine the extent. of downstream erosion and the possibility of
employing some type of spillway stilling-basin to prevent scour, and (5)
to calibrate the L4-inch regulating tube valves,

Summary and recommendations. The model studies showed that both 200-
and 400-foot radius inlet channels were satisfactory., It was therefore
recommended that the 20C-foot radius be utilized,

Satisfactory performance was obtained in the model from the original
design of the spillway crest and bridge plers. Discharge curves were pre-
pared and are presented in this report,

Operation of the original chute design indicated that the chute
sidewalls converged too rapidly for satisfactory performance, An improved
design was evolved from the model studies,




Thres types of stilling-pool structures were studied: (1) without
artificial stilling .basin, %2) with roller-bucket dissipator, and (3) with
horizontal apron stilling=basin, Model experiments wore not made on the
horizontal apron type. Both types of artificial stilling-basins tried
proved uneconomical for this project, The original design was recommended,

A discharge alinement chart was prepared for one Lh-inch regulating
tube valve for the outlet works,

THE SPILLWAY

The spillway model, A 1 to 40 scale model of the Gresn Mountain Dam
Spillway was constructed in the Denver hydraulic laboratory. Figure 3
shows the general layout of the model and construction details, A model
flood discharge of 2,470 second-feet represented the prototype design flood
of 25,000 second-fesi,

Approach channel alinement¢, The spillway approach is curved in plan,
Excavated material from the approach channel was used in the earth
structure, and since %his material was suitably located; the original plan
called for a large inlet, provided the excavation did not extend into rock,
Should rock be encountered, the plan was to have the smalleast radius inlet
hydraulically possible.

Operation of 4OO- and 200-foot radius inlets was studied in the model,
Observation and measurements showed the smaller inlet to be as satisfactory,
hydraulically, as the larger inlet (Figures 4 and 5), Water surfaces in
the two approach-channels appeared the same and profiles at Station 9£90,
which are not presented herein, were identical., Spillway discharge coeffi-
cients were practically the same for the two inlets, Owing to surface
wave disturbances in the 200-foot radius inlet channel; it was considered
undeairable to further reduce the radius,

Superelevation of approach channel. Observations and measurements of
the water surface in the chute with the level approach floor indicated
8lightly unsymmetwical flow,; which; it was thought; might have originated
in the curved inlet, To investigate this point, the velocity distribution
ahead of the gate structure was determined by taking velocity measurements
at Station 9490, The welocity distyxibution was not quite symmetrical,
vwhich may have resuited in somewhat uneven chute flow, The discharge, as
determined by the velociiy-area method, was slightly different for each
gate, but the difference was probably ineignificant, A study of the
unbalanced flow patitern in the chute led to the conclusion thal. energy per
unit width through the right gate was greater than that through the left
gate, whizh was later verified by the measurements.

From the theory of a curved channel, to have equal energy distribution
in a transverse section; the bottom must be superelevated towards its
minimum radius, Approximate computations by the design section indicated
that the superelevation should be about 8 feet, To test the theory, the
superelevation was made 4 feet. The resull was 4 decrsase in discharge
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through the right gate and an increase through the left gate, The increase
in mean velocity through the right gate was about 25 percent, The flow in
the chute became more unbalanced than for the level inlet floor, This 1s
contrary to the theory, It was apparent that other factors also seriously
influenced the flow through this type of curved channel, The unsymmet-
rical change from a trapezoidal ‘*o rectangular section is probably
significant in the development of the flow pattern,

Although the level inlet floor resulted in a slightly unbalanced
flow in the chute, this condition should not be serious as excess free-
board has been provided, The level approach floor was therefore
recommended,

Overflow crest calibration, Discharge measurements were first made
with the 40O0-foot radius inlet for all gates open and combinations of
one or two gates open, The experimental discharge coefficient for all gates
open and 25,000 second-feet was 3,21, which compares favorably with the
design coefficient of 3,23, The free discharge curve for this condition is
shown on Figure 6, The corresponding maximum reservoir elevation 1s
7950.12, or 0,12 foot above the design maximun which is within experimental
error, For single-gate operation, the center gate showed the largest
coefficient, the left gate slightly smaller, and the right gate the smallest,
The variation, however, was less than 4 percent,

Discharge measurements were not made for partial gate openings, Data
for discharges for partial gate openings were obtained from model studies
of Wheeler Dam, (Technical Memorandum Number 407, Hydraulic Model experi-
ments for the design of VWheeler Dam, by J. W, Ball, Figure 29, Page 160,)
The discharge curves (Figure 6) are for three gates operated simultaneously.
For small gate openings where only one or two gates are open, one-third
or two-thirds of the value in the discharge curves may be used with no sig-
nificent error, At larger openings, with gates at different settings,
proportionate values of the rating curve will give reasonable results,
Uniform gate operation is recommended at all discharges to maintain symmetri-
cal flow in the chute,

These discharge curves, Figure 6, have been in use in the field, An
extensive series of tests is being performed on radial gate discharge
measurements in the Laboratory at the present time, More accurate discharge
curves are forthcoming.

That the pier design is an efficient one is shown by the fact that the
discharge coefficient for the maximum head was increased only 0,7 percent
wnen the plers were removed,

Experimental discharge formulse, Designers select a discharge
coefficient to suit the type of overflow crest and plot a rating from
figures based on the selected coefficient for all heads, There are several
factors which influence the value of the coefficient, of which the head is
probably the most important. The experimental variation of the coefficient
with head is shown in Figure 7. For very low heads, friction becomes




significant in the model, so the model coefficients are smaller than those
for the prototype for corresponding heads. It is necessary to study
prototype measurements to determine the relationship between model and
prototype coefficients for low heads, The percentage difference in
experimental and design rating curves, Figure 7, becomes large for small
heads, being 80 percent for a prototype head of two feet in this case,

The following equation for the discharge with two piers in place,
2 feet 6 inches in width, was determined to fit the experimental curve:
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For the case without piers:
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where the nomenclature is the same as shown in Figure 7, The latter
formula does not follow the experimental curve closely for small heads,
but it might more nearly approach the prototype curve in this region.
The validity of these formulae for use in design can only be established
through prototype measurements,

Spillway chute alinement., Operation of the originally designed
spillway chute showed that the channel convergence downstream from the
gate structure was too rapid, resulting in uneven transverse water
surfaces over the entire chute length (Figure 8), Vater was concen~

trated in the center, higher than the side walls at Station 12742, and
nearly overflowed the walls at Station 13453 (Figures 9 and 10A),

Several smaller angles of divergence were tested and the design
shown in Figure 11 proved satisfactory. Since the lower portion of the
chute was to be in rock, a trapegoidal section with 1/2 to 1 side slopes
would be more economical than a rectangular ssction., Rock was not-
encountered until Station 15400 was reached, o the upper converging
section was tested with vertical side walls, A transition, from vertical
to a 1/2 to 1 side slope, from Station 14722.19 to Station 15#94.22,
represents the minimwm length that gave satisfactory flow conditions,
in the lower part of the chute, The recommended design and resulting
water-surface profiles at several stations along the chute are shown in
Figure 11, Photographs of the recommended chute design are shown on
Figures 10B and 12,

Figure 13 shows the maximum water-surface elevations at either side
wall as determined {rom all gate combinations, The side-wall height was
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increased 2 feet to provide a minimum experimental freeboard of 5 feet,
in' rainment of air will reduce this freeboard considerably.

VWater-surface profiles for combinations of one- and two-gate
operation are shown in Figure 14, Under no condition did the water come
dangerously close to the top of the chute walls,

Comparison of 600-foot radius chute vertical curve with jet
trajectories, The theoretical equation for the jet trajectory based on
the mean velocity at the beginning of the curve is

Yy=~Xtan o - £ x2

2 2
2V° cos ©

where

horizontal distance in feet

vertical distance in feet

angle of the chute floor with the horizontal
acceleration due to gravity

initial velocity in feet per second
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T TI [ L

<3

This equation was used in designing the vertical curve of the Kittitas
Chute, Yakima Project. Recent operation of this chute showed the verti-
cal curve to be entirely too steep, So much water sprang from the chute
over the side walls that safe operation was limited to about one-half of
the maximum discharge,

To prevent any disruption of the jet, the trajectory should be
designed for at least the maximum veloecity at the beginning of the trajec-
tory, Assuming a maximum velocity equal to 120 percent of the mean
velocity, the trajectory equation becomes:

Y= - X tan 6 - -4 x2.
2,88V§ cos 29

When a mass of water-air mixture passes over a convex vertical curve
at high velocity, the reduction of internal pressure within the mass due
to centrifugal action, results in an expansion of the air bubbles within
the mass, effectively reducing the actiocn of gravity, which then requires
flatter slopes to prevent disruption of the jet, A more conservative
design formula would perhaps then be ‘

y= ~Xx tan 6 - £ x?

h:LV§ cos 26




A comparison of the trajectories based on the above formulas and the
design curve, would indicate that there will be very little disruption of
the jet in the present design as was the case of the Kittitas Chute,
Figure 15, The capacity will not be seriously impaired, as was that of
the Kittitas Chute,

Mean water surface, velocity., hydraulic gradient, and value of
along chute, The mean water surface iFigure 18) is drawn from computed
depths at the several stations at which measurements were taken, Velocity
curves are shown as determined by three methods:

1/2
V=A2gH ; V= ._l.s.n%s‘._., r?/3g/ , With n=0,014; and by experiment,

A model value of n = 0,012 was selected for the painted wood and neat
cement surfaces in computing the model energy line, With a prototype value
of n equal to 0,014, the prototype loss is greater than the model loss and

t8 energy line falls below the model energy line, Prototype velocities
will be slightly less than corresponding scaled model velocities,

A hypothetical experimental energy line may be plotted for the model
by adding velocity head to the water-surface elevation, The true model
energy line is obtained by subtracting the friction head loss from maximum
reservoir elevation, The velocity head coefficient, @ , is given by the
difference in the hypothetical and true encrgy lines,

Table 1 shows hydraulic model values, converted to prototype
quantities, No attempt has been made to correct prototype values for
possible difference in prototype and model values of n because of the
uncertainty of these values and the effect of entrained air, The point to
be noted is that the wvelocity head coefficient, o , inherent in the veloc-
ity distribuiion, is important in determining the true energy line for high
velocity flow, Values of @ are in agreement with those of previous 4inves-
tigations, A point of interest is that @ increases in value as the velocity
increases, which is in agreement with the theory of increased turbulence
for higher velocities,




Table 1

Apparent| True* | Velocity
velocity lv.locity head
head head |coefficient
Mean |Hydraulic| Mean 2
depth | radfus |velocity| Vg a vz °
D R . Bt il
Station o n 2g 38
0 22,50 13.6
10450 10,38 | 8,24 30.3 ol 15,0 1,06
11410 8,22 | 6,69 42,2 27,7 29,2 1,05
1377 7.4 | 5.80 56,04 49,4 52,6 1,07
13,00 7.713 | 5,68 75,3 88,0 96,5 1,10
1if22,19 | 10,10 | 6.03 82,5 | 105,6 | 123.6 1,17
15419 10,87 | 6,33 83.9 109.4 | 128.7 1,18
15494, ,22 11,25 6,40 86,5 116.2 133.0 1,15
16497 11,10 | 6,34 88, 120,2 | 149.2 1,24
17496 10,20 | 6,00 97.3 47,0 | 181.0 1,23
18461 9.88 | 5.86 101,2 159.0 | 201.0 1,26
19433 9,76 | 5.84 102.5 163,2 | 198,6 1,22

*Difference between water surface and energy line elevations,

canmgmor P

Stilling-basin investigations, The original plan was to have the
jet shoot ou% into the river without the use of any type of artificial
stilling-basin, Since the canyon walls are of good rock, no excessive
scouring was anticipated, Thexre was some concern, howsver, on the height

that gravel bars might form domnstream, A bar would raise the tailwater
in the powerhouse tailrace, effectively reducing the power head,

A series of runs was made to investigate the nature of the downatream
bar (Figures 17 to 21, inclusive), A scouring material; representative
of the river overburden, was thought to be approximated by a mixture of
75 percent of 1/4- to loinch pit run gravel and 25 percent of Cherry Creek
sand, The sand, scaled to prototype dimensions; would be representative
of pebbles, and the l-inch gravel to about 3-foot L-inch rock,

For no conditions of flood did destructive eddies form at the
downstream toe of the earth dam, but scouring occurred well downstream,

. The resulting gravel bar became larger and moved farther downstresm for
floods up to 7,500 second=feet, For larger floods, the gravel was carried
out of ihe model, In Figure 17\, a gravel bar-trest cuvelope is drawn

. from the expsrimental dats, A tangent line to the envelope becomes
horizontal for a flood of about 10,000 second-feet, The significance is
that the highest bar formed for this flood, For larger floods, botiom
welocities become sufficisntly above critical for the bed material so
that the bar flattened and will not build up as high.
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Due to the complexities inherent in similarity of scour and bed
material, the model gives only an indication that a bar of consid-
erable height will be formed, Whether the bar will be as high or
higher than the 16 feet shown by the model will depend upon the
similarity of scouring and duration and rate of subsidence of the flood,
For a slow rate of subsidence, much of the bar may be washed downstream
as the downstyeam tallwater falls,

The best field plan is to investigate the bar after each floed and
to determine the feasibility of excavating the bar to regain the lust
povwer head, Figure 17B shows that when the bar, resulting from the
first flood, was excavated to the original riverbed; a second flood of
the same intensity formed a second bayr farther downstream but not as
high as the first,

hs the jet shoots down the canyon, its excess kinetic energy will
be expended in turbulence and boundary friction. VWhen sufficient energy
has been expended to result in tranquil flow, a semblance of a hydraulic
jump will form 6 After several small floods and perhaps a large one, the
gravel overburden will be carried a quarter of a mile or more downstream
and beyond the distance required to produce tranquil flow in the rock
channel, With the overburden beyond reach of the high velocity jet,
further formation of bars need not be anticipated., Figures 18 amd 19
show the natural stilling-pool in operation for four discharges,
Figures 20 and 21 show the original model bed and the model erosion for
three discharges,

Rollew--bucket stilling bagin, Because of the possible cost of
gravel bar excavation or loss of power head, it was desirable to inves-
tigate the feasibility of a roller-bucket stilling-basin. Six bucket
designs were testcd in the model (Figuwe 22A, B, and C).

Bucket Design No. 1 had the dimensions: AO-foot radius, 100-foot
depth, and 30-foot width, Model operation showed this bucket to be
satisfactory for dischargss up to 5,000 second-feet,

Bucket No, 6 was the same as No, 1, except that the invert was
20 fee? lower (bucket depth 120 feet). This bucket proved satisfactory
for 7,500 second -feet, According to the model performance, this bucket
should be about 100 feet wide to accommodats a 25,000-second-foot flood,

Buckets Nos. 2, 3, 4, and 5 had the same bucket dimensions as
No. 6, bat the shape of excavation beyond the end of the bucket was dif-
ferent for each, All of these designs vere inferior to No, 6. No, 2
was definitely the poorest design, since the jet followed the 1 to 1
upward slope with little retardation, These tests indicate that the
extent and shape of excavation beyond the end of the bucket do influence
the bucket dimensions. The designs improved in the order that they are
numbered except for No. 1, which compared with No, 4,

The results of the study showed that the cost of any bucket would
be prohibitive, so the study was discontinued.
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Horizontal apron stilling-basin. Model experiments were not made
to determine the feasibility of this type of basin, but the dimensions for

30-, 50~, and 90-foot width basins (Figure 22D) were determined from the
design chart of office memorandum to Engineer J, E, Warnock, June 8, 1938,
subject, "Stilling-basin design for rectangular spillway chamnels." The
most economical width must be determined by a cost analysis, A comparison
of the required excavation for the bucket and horizontal-type basins shows
very conclusively that the cost of the latter would be by far the smaller,

The above comparison brings out the conclusion that the use of each
type of basin depends mainiy on the tailwater conditions, The depth of
water required in the bucket for satisfactory operation is considerably
more than that required to form a good jump in the horizontal basin,
When tne height of tailwater above the riverbed is much in excess of the
required d, jump depth, better flow conditions will exist in the bucket
basin and iIn some cases the cost may be less, When the height of tail-
water above the riverbed is less than the required d2 Jump depth, then

the cost of the horizontal basin will in all cases be least,
THE OUTLET VALVES

The purpose of the outlet valve studies was to calibrate a scale

model of a valve and convert the results to prototype discharges, The
two prototype valves are located in the downstream end of the power
house, Figure 2, Details and dimensions of the 1 to 8,333 scale model
valve are shown in Figure 23, The model valve was connected to a
pressure tank for accurate measurement of the head, The prototype
discharge chart for one valve operating prepared {rom these tests is
shom in Figure 2/,
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FIGURE 16
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